The masses of the scalar (σ) and vector (ω) mesons and their widths in nuclear matter are studied in detail using the quark-meson coupling (QMC) model. It is shown that above normal nuclear matter density the effects of σ-ω mixing and the decay of the σ into 2π change the scalar meson mass considerably, while the vector meson mass remains near its mean-field value.
Recently, medium modifications of hadron properties in a nucleus, which are in some sense precursors of the QCD phase transition, have received a deal of attention [1] . In particular, one of the most interesting phenomena is the spectral change of hadrons in a nuclear medium. At present lattice simulations have mainly been performed for finite temperature (T ), with zero chemical potential [2] . Therefore, many authors have investigated hadron properties at finite nuclear densities (ρ B ) using effective theories [1, [3] [4] [5] [6] .
In this paper, using one of these effective theories, namely the quark-meson coupling (QMC) model [4, 5] , we will study the mass shifts of the iso-scalar scalar (σ) and iso-scalar vector (ω) mesons at finite ρ B and T = 0. There are several other approaches for calculating hadron masses in nuclear matter, for example, QCD sum rules [6] and quantum hadrodynamics (QHD) [7] . All of those approaches predict a reduction in the ω mass by about 15∼20 % at normal nuclear matter density (ρ 0 = 0.15 fm −3 ). While their results are very close each other, the origins of the mass reduction in these various approaches are quite different.
We will discuss the meson mass in QMC in some detail, and then make a comparison with the results of other approaches to illustrate the differences among them.
Let us briefly summarize the essential features of the QMC model (for symmetric nuclear matter, neglecting the electromagnetic interaction). In mean-field approximation (MFA) it can be expressed as an effective Lagrangian density (we choose the second version of the QMC) [5] :
where ψ, σ and ω are the nucleon, σ and ω fields, respectively. We consider uniformly distributed, symmetric nuclear matter. Noting that, in MFA, only the time component of the ω is kept, the scalar and vector meson fields are replaced by their expectation values,σ andω, respectively.
In QMC the hadron consists of quarks and antiquarks, which feel Lorentz scalar and vector potentials generated by the surrounding nucleons [4] . For example, the nucleon contains three light, valence quarks which feel the scalar and vector potentials. The scalar potential modifies the quark mass in the nucleon and this, in turn, changes both the structure and the mass of the nucleon in nuclear matter. In contrast, the vector potential merely shifts the nucleon energy (at least in uniform nuclear matter). The ω consists of a quark-antiquark pair of the same flavor. While the scalar potential affects the quark and antiquark additively, the vector potential felt by the antiquark cancels that felt by the quark. As a consequence of the scalar field the masses of the nucleon and ω become density dependent. We write them as functions of the scalar field strength,σ (see Eqs. (2) and (4)).
In practice, we use the MIT bag model as the model for both the nucleon and ω. We can define the effective σ-nucleon (N) coupling constant, g σ (σ), by writing the calculated effective mass of the nucleon as [4, 5] 
with M N the free nucleon mass (939 MeV). It is an important practical result that g σ (σ) can be well approximated by a linear function ofσ [5] :
where the coefficient, a N , is given by the nucleon bag model and g σ is the value of the σ-N coupling constant in free space (g σ ≡ g σ (σ = 0)). The σ-N and ω-N coupling constants (g σ and g ω ) in the Lagrangian are determined so as to reproduce the binding energy (−15.7 MeV) at the saturation density (ρ 0 ) of symmetric nuclear matter (for details, see Ref. [4, 5] ).
Combining the Lagrangian Eq.(1) and the MIT bag model, and solving the nuclear matter problem self-consistently, we find a N ≃ 9 × 10 −4 MeV −1 [5] . For the ω, the mass may be written in a form similar to Eq.(2):
where m ω is the free ω mass (783 MeV) and the bag model gives a ω ≃ 8.6 × 10 −4 MeV −1 [5] .
On the other hand, the σ is not readily described by a simple quark model because its properties are influenced by chiral symmetry and it couples strongly to the pseudoscalar (2π) channel. Nevertheless, according to both the Nambu-Jona-Lasinio model [8] and the Walecka model [7] , one expects that the σ mass should also decrease in nuclear medium. In QMC we therefore assume that the σ mass in MFA may be described in terms of a quadratic function of the mean-field value,σ [5] :
where m σ is the mass in free space (we set m σ = 550 MeV). We choose the two parameters (a σ and b σ ) so as to reduce the σ mass in nuclear matter [5] -see the discussion below Eq. (22) .
In MFA the propagators for the ω and σ mesons in nuclear matter are given by the usual forms, with the free masses replaced by the effective masses in medium:
where
It is, however, well known that in nuclear matter the σ can be coupled to the longitudinal mode of the ω meson through the nucleon-loop diagram [9, 10] . Within QHD this mixing effect becomes important in the meson propagation above normal nuclear matter density [10] .
To include it, it is convenient to use a meson propagator, D ab , in the form of a 5 × 5 matrix with indices a, b running from 0 to 4, where 4 is for the σ channel and 0 ∼ 3 are for the ω.
Dyson's equation for the full propagator, D, is then given in matrix form as [9, 10] :
where D 0 takes a block-diagonal form given by the meson propagators in MFA:
The polarization insertion, Π, in Eq. (8) is also given by a 5 × 5 matrix.
From power counting of the Lagrangian Eq.(1) the present model is not renormalizable.
This may not be surprising because QMC involves the effects of the internal structure of the hadrons. (In this sense, QMC is conceptually quite different from relativistic models with density-dependent coupling constants -see, for example, Refs. [11] .) In a relativistic model, like QHD, one would usually include not only the effect of σ-ω mixing but also the effect of nucleon-loop diagrams as polarization insertions in the ω and σ meson propagators [9, 10] .
However, in this calculation we shall ignore the loop diagrams for the ω and σ meson
propagators. In support of this choice we note that the coupling constants (g σ and g ω )
are much smaller than those in QHD (because of the effects of the internal structure of the hadrons -see Eq.(3) and the discussion below Eq. (22)). Furthermore, it has been shown that, as an effective theory, QMC satisfies the conditions for naturalness [12] , and one therefore expects that the loop diagrams will make a smaller contribution than the mean-field. In the polarization insertion we will therefore concentrate on both the scalarvector-mixed polarization insertion through the nucleon-loop diagram and the self-energy of the σ arising from the two-pion-loop [10] .
Within this framework, the polarization insertion is
where the lowest order scalar-vector-mixed and pion-loop polarizations are given respectively
In Eq.(12) the pion propagator, ∆ π , is given by Eq. (7) with the pion mass m π instead of m * σ . (For simplicity, we keep the pion mass constant, m π = 138 MeV.) Here g σπ is the σ-π coupling constant and G(k) is the nucleon propagator in MFA
N and k F is the Fermi momentum.
We should note that it is not necessary to renormalize the mixing polarization insertion, Eq. (11), because the mixing vanishes in vacuum. Hereafter, we restrict ourselves to the time-like region in the propagator. Then, we can calculate Π m µ analytically [13] :
and
For the pion-loop, we have to introduce an appropriate counter term to the Lagrangian, and prescribe the renormalization in free space. We require the condition [10] :
Then, we find
, and
Now we can formally solve the Dyson equation, Eq.(8). The full propagators for the σ, longitudinal and transverse ω mesons are then, respectively, given by
where ǫ SL is the dielectric function for the scalar-longitudinal mode:
0 is the 0-th component of the mixed polarization insertion, which vanishes when | q| = 0 (because of current conservation).
In this calculation we use the usual QMC parameters [4, 5] and b σ = 5 × 10 −7 MeV −7 , which gives a decrease of about 7% in the σ mass at ρ 0 ), the σ-N and ω-N coupling constants are respectively determined to be g [5]; see also the solid line for the σ mass in Fig.1 or Fig.2 .)
The coupling constant g σπ is adjusted to fit the width of the σ in free space. Since the full propagator of the σ in free space is given in terms of the pion-loop polarization insertion, the free width, Γ 0 σ , is given by
Choosing Γ 0 σ = 500 MeV, we find g σπ = 23.6.
Before we show our numerical results, we have to pay more attention to the meson propagators. First, the coupling constants (g σ and g ω ) determined above are for mesons with zero momentum transfer (q µ = 0) in MFA. For a meson with finite momentum we have to include an appropriate form factor at the interaction vertex. To see the effect of the form factor we use the usual monopole form at each vertex:
In Eq.(24) we choose the same form factor, F N , for the σ-and ω-N vertices and Λ N = Λ π = 1.5 GeV, for simplicity [14] . (For consistency, we should calculate the form factor using the MIT bag model, which is however not an easy task.)
It is known that the ω has its own width in free space, and this should increase in nuclear matter [15] . Therefore, it would be interesting to see the effect of the ω width on the mass spectra. To see this we replace the iǫ term in d 0 in Eq. (6) by im *
is the in-medium ω width [15] in MFA (with the free width, Γ in the propagator as the imaginary part. In the ω spectra we did not draw the dot-dashed curves.) At very low | q| the full results approach the mass spectra in MFA, namely, the solid curves in the figures. For the transverse ω, the "invariant" mass is given by the mean-field result in the present model -again, the solid curves in the figures.
As shown in the figures, we can clearly see that the role of mixing is not so large, even around 3ρ 0 . In QHD the mixing effect is very important in the meson spectra for high density [10] . This difference may be due to the fact that QMC is natural [12] , while QHD is unnatural [16, 17] . (We will revisit this later.) In QMC the loop contribution for the mixing effect is suppressed and smaller than the mean-field contribution [12, 18] . The effect of the form factors is also not large. If we change the cutoff parameter from 1.5 GeV to 1.2 GeV in Eq.(25), the σ (ω) mass in case (c) is reduced (enhanced) by about 2% (9%) at ρ B = 3ρ 0 for | q| = 500 MeV.
The width of the σ affects the "invariant" masses considerably at high densities. The effects of the mixing and the form factors are eventually almost cancelled out, for the ω mass, by the effect of the σ-width. On the other hand, these effects considerably reduce the σ mass. As seen in the figures, the ω width does not alter the mass spectra much. Finally, in the full calculation, the ω mass becomes very close to that in MFA, while the σ mass is much reduced from the mean-field value at high density -mainly because of the effects of the mixing and the σ decay into 2π.
In Fig.3 we show the full widths, Γ * f , of the mesons for | q| = 500 MeV, as a function of density. We define the full widths as
where D f stands for the full propagator, Eq. (20), (21) or (22) . In Fig.3 This decrease in the mass is dictated by the density-dependent quark condensates in nuclear matter,, (qq) 2 and qγ µ D ν q . The main term responsible for the mass reduction is theterm, which decreases linearly (at low density) in nuclear matter [19] .
However, it has been suggested that there may be considerable, intrinsic uncertainty in the standard assumptions underlying the QCD sum-rule analysis [20] . Furthermore, there is a critical analysis of the QCD sum-rule approach to the spectral properties of hadrons [21] . At present the in-medium QCD sum rules do not have as much quantitative predictive power as one would like, because of the uncertainties associated with the density dependence of the quark condensates. However, they may be still useful for orientation.
(ii) Quantum Hadrodynamics (QHD)
The on-shell properties of the scalar and vector mesons with vacuum polarization were first studied by Saito et al. [22] , and later by many authors [10, 23] . In QHD the reduction in the meson mass is caused by the vacuum fluctuation contribution (or NN pair creation).
For example, at low density the ω mass is given by [18] 
where Ω 2 (= g However, since QHD is unnatural, the loop expansion does not converge rapidly [16] .
In fact, it has been proven that vertex corrections are quite important in QHD, and that such corrections dramatically reduce the vacuum contributions in comparison with those calculated with bare vertices in two-loop calculations [16] . This means that the nucleons are dressed with meson clouds or, more generally, they have structure.
Recently, Serot et al. have developed a new, extensive approach to QHD [17] , which is nonrenormalizable and involves a number of interaction terms among the nucleons and mesons, based on "naive dimensional analysis" [24] . Although the new theory may implicitly contain the effects of hadron structure and can reproduce the ground state properties of finite nuclei quite well, it has many parameters to be determined. Some parameter sets then lead to an increase of the effective meson masses in matter, which seems unlikely from the point of view of the recent discussions on this issue [1, 3, 5, 6, 10] .
To summarize, using QMC we have calculated the "invariant" masses of the σ and ω mesons in symmetric nuclear matter. In QMC the effect of σ-ω mixing is much smaller than in QHD even at high density. We have also studied the effects of the σ-and ω-meson widths in a nuclear medium. They contribute to the σ-mass spectrum at high density, while they are almost cancelled out by the mixing and form factor effects in the ω-mass spectrum.
Furthermore, we have compared the present results with those of other approaches, especially QHD. The composite nature of the hadrons plays a very significant role in studying a dense nuclear medium. In particular, the meson mass spectra in a nuclear medium should provide us with very important information on the scalar and vector fields in matter. 
